Immune-compromised mice have been used as gonadal tissue recipients to develop gametes of various mammalian species. The aim of this research was to determine gene expression differences between fresh and frozen-thawed rat xenotransplanted (XT) ovaries as well the gene expression differences between XT and sexually mature rat ovaries that were non-transplanted (NT). Ovaries from sexually immature female rats were transplanted under the kidney capsule of ovariectomized athymic nude mice either fresh or after freezing. The XT ovaries were collected w10-12 weeks after xenografting for microarray analysis. The NT ovaries were collected from sexually mature rats. Gene expression was very similar between fresh and cryopreserved XT ovaries: 125 genes were twofold up-or downregulated, but level of regulation was not statistically significant. Overall patterns of gene expression between XT and NT ovaries were very different indicated by the absence of diagonal relationship between XT and NT ovary gene expression. More than 3000 genes were significantly (P!0.01) up-or downregulated between XT and NT ovaries. Genes involved in metabolic processes, lipid metabolism, and growth were downregulated in XT ovaries, whereas genes involved in immune and inflammatory response were upregulated in XT ovaries. The results showed that ovarian tissue xenografting significantly alters genes responsible for ovarian metabolism and function and leads to an upregulation of genes responsible for graft rejection. 
Introduction
Ovarian tissue cryopreservation and transplantation have been experimented over 5 decades (Agca 2000) . Some of the early in vivo studies investigated the viability and endocrine function of fresh, cooled or frozen and thawed rat ovarian tissues after autologous subcutaneous transplantation (Parkes & Smith 1953 , 1954 , Deanesly 1954 , Parkes 1958 . These early studies used simple assays such as histology and vaginal cytology to determine ovarian tissue viability and its endocrine function. Although these methods are still presently being used, significant advancement has been made in the assisted reproductive technologies (ART) during the last 2 decades. For instance, in vitro oocyte maturation, fertilization and embryo culture, as well as cryopreservation with the discovery of cryoprotective agents (CPA), collectively have provided fertility options in experimental, exotic, and farm animals, and humans without time constraints (Seidel 2000 , Mazur et al. 2008 . Furthermore, cellular and molecular biology techniques such as microarray analysis have provided means to analyze differential gene expression following various experimental interventions under both in vitro and in vivo conditions. There is no doubt that the availability of in vitro and/or in vivo ART procedures which allow female and male gamete development in combination with molecular and cellular biology techniques could enable the identification of important molecules produced during gamete development that are essential for normal pre-and post-implantation embryonic development (Eppig et al. 1996 , Eppig & Wigglesworth 2000 . In addition, with regard to the application of these optimized in vitro and/or in vivo culture conditions, they would provide the methods necessary to expand the populations of valuable livestock and endangered species, and to rescue the oocytes of women about to undergo clinical procedures that place oocytes at risk. Developing oocytes from their early stages to fully mature stage, fertilizing them under entirely in vitro conditions and transferring the resulting embryos to surrogate mothers has been a challenging task, because mammalian oocyte growth is a highly complex process during which molecular, cellular, and structural changes take place (Wassarman & Josefowicz 1978) . To this end, both mice and rats have served as valuable research models to better understand some of the critical cellular, molecular and endocrine events taking place during oocyte development (Aubard et al. 1998 , Rose et al. 1999 , Eppig & Wigglesworth 2000 . Gosden et al. (1994) proposed a novel in vivo model during which cortical slices of either cat or sheep ovaries were grafted under the renal capsules of ovariectomized severe combined immune deficient (SCID) mice. Since then, this approach has been used with fresh or frozenthawed ovarian tissues from many mammalian species including human, rat, pig, and cow (Oktay et al. 1998 , Senbon et al. 2005 , Israely et al. 2006 , Kaneko et al. 2006 . Although there are important applications of ovarian xenotransplantation into immune compromised mice, many fundamental obstacles have yet to be addressed. Live births have been obtained with the use of oocytes (Liu et al. 2001) and sperm (Honaramooz et al. 2002 , Schlatt et al. 2003 that are retrieved from gonadal tissue xenografted into orthotopic or heterotopic (e.g. kidney capsule, subcutaneous) sites of the recipient mouse. However, the application of xenografting into immune compromised mice of ovarian tissue collected from larger mammals was rather limited. In most cases these grafts survived and formed cytologically normal antral follicles with varying sizes following administration of continuous exogenous gonadotropins such as FSH. Gook et al. (2003) xenografted human ovarian tissue into SCID mice. They obtained growing oocytes in the antral follicle of ovarian xenografts in response to exogenously administered FSH. In addition, some of these antral follicles were ruptured and luteinized in response to exogenous human chorionic gonadotropin. Another study conducted in bovine ovary using essentially the same approach yielded fully grown oocytes that were fertilized in vitro and reached five-to eight-cell cleavage stage embryos. However, blastocyst formation was not observed (Oktay et al. 1998) . The results of the previous transplantation studies collectively suggest that the immune-compromised mouse model can be used as a host to generate mammalian oocytes. However, they also point out the need for further studies toward elucidating molecular and cellular factors lacking to obtain fully competent oocytes that could be successfully developed into healthy young after IVF and embryo transfer.
Development of mature gametes requires a series of well-orchestrated cellular and molecular events during which many important genes are transcriptionally active in the gonads (Rodrigues et al. 2008) . In addition, cryopreservation is a multi-step procedure that involves hypothermic exposure, cryoprotective chemical (i.e. glycerol, dimethyl sulfoxide) exposure, and ice formation (Agca 2000) . Cryopreservation and xenotransplantation procedures may collectively affect gene regulation and subsequent physiological functions of germplasm and accompanying somatic cells that are responsible for endocrine function. Thus, better understanding of the transcriptional profile of fresh or frozen-thawed ovarian tissue xenografts could elucidate underlying factors responsible for poor development of normal-appearing follicles and ultimately help to improve transplantation conditions by yielding better quality oocytes that could be fertilized in vitro and give rise to normal offspring. Based on the previous abovementioned studies, ovarian tissue xenografts in immune compromised mice can serve as excellent experimental models for investigating follicle development in species in which follicle growth in vitro and studies of the parent animal are impossible. In this study, we used microarray analysis to determine the genes that were differentially regulated between fresh and frozen-thawed xenotransplanted (XT) ovaries as well as genes that were regulated between transplanted and nontransplanted (NT) adult rat ovaries.
Results

Viability of ovary xenotransplants and histological examination of tissues
Out of 22 ovarian tissue recipient nude mice, 21 survived after the surgery. Eleven of the recipient nude mice were grafted with fresh rat ovary and 10 were grafted with frozen-thawed rat ovary. Ten (10/11; 90%) of fresh rat ovary grafted nude mice showed changes in their vaginal cytology indicating steroidogenic activity of the XT ovary. Eight out of 10 (80%) nude mice transplanted with frozen-thawed ovarian tissue showed changes in their vaginal cytology, demonstrating steroidogenic activity.
Anatomical analysis of grafted ovarian tissue was done after killing the recipient mice under a steromicroscope. Both fresh and frozen XT ovaries contained developing follicles and antral follicles (Fig. 1) . Presence of larger follicles and corpus luteum were detectable by gross anatomical examination (Fig. 1A and B) . In addition, histological examination confirmed the findings of anatomical examination. Various developmental stages of follicles ranging from primordial to antral follicles from fresh ( Fig. 1C ) and frozen-thawed (Fig. 1D ) XT ovaries were observed in hematoxylin and eosin stained ovarian tissue sections.
Comparison of gene expression between fresh and frozen-thawed XT ovaries
The microarray data were analyzed in two steps to determine the effect of cryopreservation on gene expression of XT ovaries and effect of ovary xenotransplantation on gene expression. To determine the differentially regulated genes between fresh and cryopreserved ovaries, the microarrays hybridized with RNA obtained from XT ovaries were used. Statistical analysis using Welch t-test with Benjamini and Hochberg multiple testing correction showed that there were no differentially expressed genes (PO0.01) between fresh and cryopreserved XT ovaries. The scatter plot of fresh and cryopreserved XT ovaries normalized data showed that the majority of the genes were less than twofold different between fresh and cryopreserved XT ovaries ( Fig. 2A) . The scatter plot showed a highdiagonal gene expression pattern between fresh and cryopreserved XT ovaries. Since there were no significantly regulated genes, genes that were twofold or more up-or downregulated between fresh and cryopreserved XT ovaries were determined. Ninety-six genes were upregulated twofold or greater in cryopreserved XT ovaries and 29 genes were upregulated twofold or greater in fresh XT ovaries (Supplementary Table 2 , which can be viewed online at www.reproductiononline.org/supplemental/).
Genes upregulated more than twofold in fresh XT ovaries were clustered into gene families by DAVID Bioinformatics Resources Functional Annotation Tool (2008; National Institute of Allergy and Infectious Diseases, NIH). DAVID determines genes that have greater co-occurrence compared with all rat genes. A modified Fisher exact test was used to determine the significance of co-occurrence of genes. Biological processes that were significantly upregulated in fresh XT ovaries were identified by DAVID Functional Annotation Tool. Out of 29 genes that were upregulated in fresh XT ovaries, 22 were annotated and had been assigned gene ontology (GO). Analysis of these 22 genes showed that biological processes that were significantly upregulated in fresh XT ovaries (Table 1) were involved in tissue remodeling (nZ3; 14%; PZ0.005), inflammatory response remodeling (nZ3;14%; PZ0.001), response to stress remodeling (nZ4; 18%; PZ0.02) etc.
Out of 96 upregulated genes in cryopreserved XT ovaries, 77 were annotated. Analysis of these 77 genes revealed that genes involved in steroid, lipid, and cholesterol metabolism were upregulated significantly (Table 2 ; P!0.1). Out of the 77 genes with assigned biological function, 13 were involved in steroid metabolic process (17%; PZ3!10 K12 ) and 20 were involved in lipid metabolic process (26%; PZ6.6!10 K12 ). In addition, four genes (3-hydroxy-3-methylglutarylcoenzyme A reductase, inhibin-a, G protein-coupled receptor 48, and LH/choriogonadotropin receptor) that were involved in reproductive developmental process (5%; PZ0.007) were upregulated in frozen XT ovaries. Furthermore, genes involved in ovarian and follicle Figure 1 Representative micrographs of normal-appearing wellvascularized fresh (A) and frozen-thawed (B) rat ovarian tissue containing pre-ovulatory follicles (white arrows) and corpus luteum (black arrows) following xenotransplantation beneath the kidney capsule of athymic nude mice. The corresponding histological cross-section of fresh (C) and frozen-thawed (D) rat ovarian tissue graft containing follicles with various developmental stages. PF, primordial follicle; CL, corpus luteum; POF, pre-ovulatory follicle; AF, antral follicle; EAF, early antral follicle. Scale bars represent 200 mM. 
Gene expression profile of XT and NT ovaries
Since gene expression between fresh or cryopreserved XT ovaries was not statistically different, and the majority of the genes were less than twofold different between fresh and cryopreserved XT ovaries, the array results from fresh and cryopreserved XT ovaries were combined to determine the gene expression difference between XT ovaries and NT adult rat ovaries. Combining the data from fresh and cryopreserved XT enabled determination of the overall effect of xenotransplantation on gene expression in ovaries. Differentially regulated genes between XT and NT were determined by Welch t-test and Benjamini and Hochberg multiple testing correction with 1% false discovery rate. A total of 3069 genes were significantly (P!0.01) up-or downregulated between XT and NT ovaries (Supplementary Table 3 , which can be viewed online at www.reproduction-online.org/supple mental/). Figure 2B shows the scatter plot of gene expression between XT and NT ovaries. Unlike the fresh and cryopreserved XT comparison, the gene expression relationship between XT and NT ovaries was not diagonal. Although the majority of the genes were less than twofold up-or downregulated between XT and NT ovaries, the overall expression pattern was dispersed and somewhat parallel to the y-axis (XT axis).
In order to obtain a more conservative gene list for regulated genes, genes that were twofold up-or downregulated between XT and NT ovaries were determined from the significantly regulated (P!0.01) genes. Thus, a gene was considered to be regulated if it was more than twofold different between the treatments and had a minimum 0.01 P value. Eight hundred and sixty-eight genes had P!0.01 and were greater than twofold up-or downregulated between XT and NT (Supplementary Table 3 ). These genes were further analyzed using DAVID software to determine the biochemical pathways that were significantly regulated between XT and NT ovaries. For the purpose of discussion in this paper, NTovaries were assumed to be 'normal' and any gene expression differences were attributed to changes in gene expression in XT ovaries. Thus, changes in gene expression between XT and NT ovaries were referred to as up-or downregulated genes in XT ovaries.
Out of 490 genes that were downregulated in XT, 339 have been annotated and associated with GO terms. These genes were used to determine the significantly downregulated biological processes by DAVID (Table 3) . Table 3 includes significantly regulated biological processes with P values lower than 0.05. Approximately 42% (142/339) of the genes that were downregulated in XT ovaries were involved in metabolic processes, which is highly significant %, number of genes that were classified under particular biological process/total number of upregulated genes in fresh XT ovaries. P, statistical significance. %, number of genes that were classified under particular biological process/total number of upregulated genes in fresh XT ovaries. P, statistical significance.
(PZ1.9!10
K5
) compared with the total number of genes that are involved in metabolism in rats. In addition, 7% of the genes (22/339) were involved in lipid metabolic processes (PZ0.002). Genes involved in reproductive structure development and gonad development made up 2% (5/339) of the downregulated genes in XT ovaries (PZ0.002). These genes are a disintegrin and metalloproteinase with thrombospondin motifs 1, androgen receptor, anti-mullerian hormone, carbonyl reductase, and inhibin alpha. In addition, several genes known to impact follicle and ovary development were downregulated in XT ovaries. These genes include: cyclin D2, protein kinase cAMP-dependent regulatory type II alpha, protein kinase cAMP dependent regulatory-type I-beta, serum/glucocorticoid regulated kinase, transforming growth factor (TGF) beta 2, and TGF beta receptor III.
Out of 378 genes that were upregulated in XT, 299 have been annotated and associated with GO terms. DAVID showed that there were 233 biological processes that were significantly upregulated in XT ovaries. Because of the large number of biological processes determined to be significantly regulated in XT ovaries, Table 4 shows 70 biological processes with DAVID P values ranged between 2.1!10 K19 and 8.1!10 K4 . The DAVID co-occurrence probability showed that some of the significantly upregulated biological functions were immune system process (49 genes; 16%; PZ2!10 K19 ), inflammatory response (24 genes; 8%; PZ1.2!10 K10 ), response to stimulus (82 genes; 27%; PZ3.7!10 K7 ), and cell death (29 genes, 10%; PZ1.9!10 K6 ). Some of the genes that were upregulated in XT ovaries that were involved in immune response were beta-2 microglobulin, cd74 antigen, chemokine receptor 2, complement component 1, complement component 3, complement component 4, major histocompatibility complex (MHC) class II DM alpha, MHC class Ib antigen, proteasome 28 subunit alpha, proteasome 28 subunit beta, rt1 class I A3, rt1 class I CE3, rt1 class Ib, rt1 class II locus Db1, H2-T24 protein, and tumor necrosis factor receptor. Several Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.ad.jp/kegg) pathways were upregulated in XT ovaries. Fifteen genes involved in antigen processing and presentation pathway were significantly (PZ4.5!10 K8 ; Fig. 3 ) upregulated. In addition, complement and coagulation cascades (eight genes; PZ7.1!10 K4 ), type I diabetes mellitus (seven genes; PZ7!10 K3 ) and ABC transporters (five genes; PZ8!10 K3 ) were among the significantly regulated pathways.
Real-time RT-PCR
Real-time RT-PCR was performed to validate the results of microarray gene expression. For real-time PCR normalization, Sil1 was used as a housekeeping gene. The expression of Sil1 was similar in all the microarray and real-time PCR samples. Microarray results showed that Sil1 expression difference between NT ovaries and transplanted ovaries was 1.2-fold. Real-time PCR analysis of Sil1 showed that the expression difference between NT and XT ovaries was 1.4-fold. Cyclin D2, H2a, and Inha were downregulated in XT ovaries compared with NT ovaries 3.6, 4.5, and 6.2 times respectively. Real-time amplification of these cDNAs yielded 1.2, 4.1, and 5.8-fold downregulation for the above mentioned cDNAs. Beta-2 microglobulin, Psap, and RT1-Db1 were upregulated in XT ovaries compared with NT ovaries. The fold changes of these cDNAs in microarray analysis were 4.7, 4.3, and 9.5 respectively. The fold change in real-time RT-PCR was 2.5, 4.3, and 1.6 for these cDNAs.
Discussion
Availability of protocols for mammalian oocyte development under in vitro and/or in vivo conditions has great importance in reproductive science. To this end, using a mouse model, Eppig et al. (1996) established a two-step approach to grow mouse follicles in vitro by performing initial organ culture and subsequently culturing oocytegranulosa cell complexes from the cultured ovaries. After in vitro oocyte maturation and fertilization of primordial follicles, live pups were successfully produced. To date, with the exception of mice, there have been no successes toward development of fully mature oocytes in other mammalian species. Previous studies clearly showed that there are vital interactions between oocyte and companion granulosa cells, which are essential for the development of healthy oocytes. In addition, the ability of oocytes to mediate this cooperativity is developmentally regulated and gained mostly in later stages of oocyte development (Eppig et al. 1996) . Eppig & Wigglesworth (2000) produced re-aggregated chimeric ovaries and exchanged the germ cell and somatic cell compartments of newborn rat and mouse ovaries. The chimeric re-aggregated ovaries were grafted under the kidney capsules of SCID mice. They concluded that factors involved in oocyte-somatic cell interactions necessary to support oocyte development and appropriate differentiation of the oocyte-associated granulosa cells are conserved between rats and mice. %, number of genes that were classified under particular biological process/total number of upregulated genes in fresh XT ovaries. P, statistical significance.
Thus, immune-compromised mice models would provide appropriate in vivo models for ovarian tissue transplantation by which oocyte development for various mammalian species can be investigated. The production of viable oocytes involves coordination of various molecules including hormones, growth factors, and receptors in various signaling pathways that act in autocrine, paracrine, and endocrine manners (Josefsberg & Dekel 2002 , Drummond et al. 2003 . The present study was primarily conducted to understand the molecular changes of XT ovaries and also determine underlying gene expression between fresh and frozenthawed XT ovaries by using microarray analysis. It has been well known that tissue grafts undergo ischemicreperfusion injury due to lack of oxygen and nutrients before appropriate vascularization takes place (Dissen et al. 1994) . Thus, during transplantation, it is expected to have differential gene expression in the tissue grafts to adapt to the new environment regardless of whether the tissue of origin is fresh or previously cryopreserved (Dissen et al. 1994) . The present results indicate that ovarian xenotransplantation into athymic nude mice disrupts ovarian metabolism. Furthermore, genes involved in inflammatory and immune response were upregulated. However, it is intriguing to observe the experimental studies which demonstrated that the XT ovarian tissues collected from a wide array of mammalian species are capable of producing steroid hormones that maintain estrous cycles, form antral follicles (Gosden 2008) , and in some cases develop into cleavage stage embryos after IVF (Senbon et al. 2005) .
In addition to transplantation-related changes in gene expression, one would expect additional changes in gene expression in response to cryopreservation-related stressors such as hypothermia, cryoprotectant exposure, ionic changes (due to hyperosmotic CPA solutions), and ice formation (Mazur et al. 2008) . Our results showed that the comparison of fresh and frozen-thawed XT ovaries did not result in statistical difference in gene expression. Gene expression profiles of frozen and fresh XT ovaries were very similar as indicated by the scatter plot of frozen versus fresh XT ovaries ( Fig. 2A) . In a related study, Liu et al. (2003) compared differential gene expression between fresh and frozen-thawed mouse ovarian tissues without transplantation. They reported that the cryopreservation procedure has little effect on gene expression. In general, in their study, cryopreservation appeared to induce the expression of heat shock proteins, DNA-damage-inducible protein 45 and deathrelated apoptosis genes (i.e. Fas and Fas-ligand). Comparison of fresh and cryopreserved XT ovaries did not yield any genes that were statistically significantly regulated. This may be due to the number of biological replicates. However, similarity between expression patterns of the genes shown by scatter plot ( Fig. 2A) indicates that majority of genes are regulated similarly regardless of cryopreservation. The interesting finding of the comparison of twofold regulated gene expression between fresh and frozen XT ovaries is that frozen XT ovaries may be adapting to transplantation better compared with fresh XT ovaries. Individual genes were not significantly regulated between fresh and cryopreserved XT ovaries. However, significant numbers of genes were involved in biological processes that are involved in lipid (nZ20), steroid (nZ13), and cholesterol (nZ8) metabolism in croyopreserved XT ovaries. It has been well established that lipid metabolism is crucial for production of steroid hormones such as estrogen and progesterone, which are produced by healthy ovaries and maintain the estrous cycle (Vanderhyden & Macdonald 1998) . It was interesting that genes such as 3-hydroxy-3-methylglutaryl-coenzyme A synthase 2, 3-hydroxy-3-methylglutaryl-coenzyme A reductase, and squalene epoxidase, which are important in the production of cholesterol, were upregulated in frozen XT ovaries. In addition, genes involved in ovulation such as LH/choriogonadotropin receptor, inhibin alpha, cyclin D2, PRL receptor, and prostaglandin E synthase were upregulated in frozen XT ovaries. By contrast, the genes that were upregulated in fresh ovary transplants were mostly involved in response to stress, stimulus, and wounding as well as immune and inflammatory response. Since both frozen and fresh ovaries were removed at the same stages of the estrous cycle, the difference in gene expression may be attributed to the cryopreservation procedure. These results suggest that oocytes developed from cryopreserved-thawed XT ovaries may be more competent to produce viable offspring, although this hypothesis should be further tested. Genes that lead to apoptosis may be upregulated shortly after transplantation. Although we have not examined it, it is likely that cryopreservation may induce upregulation of apoptosis-related genes shortly after transplantation, which would disappear by 10-12 weeks.
Since there were no statistical differences between fresh and frozen XT ovaries and only 125 genes were up-or downregulated with the average of 2.6-fold between fresh and frozen XT ovaries, we combined these two treatments as ovary xenotransplant and compared the gene expression pattern of XT to that of NT. There were 3069 genes that were significantly regulated between XT and NT ovaries. However, we only used the genes that had P!0.01 and changed greater than twofold between XT and NT ovaries for further analysis. Genes involved in immune and defense responses were upregulated in XT. Genes involved in metabolism, development, cellular processes, and steroid metabolism were significantly downregulated in XT. Several mRNAs known to be important in ovary and follicle development such as androgen receptor, antimullerian hormone, cyclin D2, folate receptor, inhibin alpha, protein kinase A, TGF and its receptor, etc. were downregulated in XT ovaries.
These results indicate that although XT ovaries are somewhat active in terms of leading to steroid hormone production and changes in vaginal cytology, they are far from normal for supporting a healthy cellular environment. Upregulation of a large number of genes involved in immune response and downregulation of genes involved in metabolism demonstrates the underlying reasons of inability to obtain live offspring using xenotransplantation protocol. MHC molecules and complement fixation are necessary for tissue rejection (Colvin & Smith 2005) . Our results showed that both MHC I and II genes were upregulated in XT ovaries (Fig. 3) . In addition, complement component 1, 3, and 4 were significantly upregulated in XT ovaries. The xenotransplantation studies were conducted with athymic nude mice that are incapable of producing mature T-cells, thus do not reject grafts. But their response to T-independent antigens is normal (Pelleitier & Montplaisir 1975) . Our results show that although athymic nude mice do not reject XT ovaries, many genes involved in tissue rejection were significantly upregulated. It may be that immune response genes could originate from mouse vascular cells infiltrated into rat XT ovaries. Since sequences of rat and mouse genes are highly conserved, it is very likely that 70 mer oligonucleotide probes in the microarrays used in this study may bind to both rat and mouse RNAs. A similar study conducted by Zeng et al. (2007) did not report induction of any immune response genes in nude mice with pig testicular tissue transplantation when compared with in situ samples; however, they reported regulation of 71 genes that were mostly not annotated. Interestingly, Coleman et al. (2006) reported upregulation of several immune related genes in xenografted prostate cancer cells in castrated mice that were treated with estrogen. Some of the genes that were found to be upregulated in estrogen treated animals were also upregulated in XT ovaries in our experiments. Some of these genes are CD74 antigen, MHC, class 1 B, beta-2-microglobulin, lysozyme, and prosaposin.
Since the gene expression patterns of NTand XTovaries were very different and the scatter plot was not diagonal (Fig. 2B) we did not use commonly used housekeeping genes such as b-actin or Gapdh for normalization in realtime PCR amplification of selected regulated genes. Instead, we chose Sil1 as a housekeeping gene. Sil1 expression was relatively constant among the microarrays as well as real-time PCR amplification. Real-time PCR analysis of gene expression showed that expressions of Ccnd2, H2a, Inha, B2m, Psap, and RT1-Db1 were similar between real-time PCR and microarrays.
In conclusion, the present findings suggest that although morphologically normal follicles can be obtained from rat ovarian tissue xenografts into immune compromised mice, the XT ovaries are lacking the normal gene expression that may be essential for the development of healthy oocytes. However, ovarian tissue xenografts into immune compromised mice can still provide an appropriate model to study mammalian oogenesis and may improve the understanding of the reasons that lead to inefficient production mature oocytes.
Materials and Methods
Animals and tissue preparation for freezing and transplantation
All animals were purchased from Harlan Sprague-Dawley (Indianapolis, IN, USA). All animal studies were performed in accordance with the University of Missouri's Animal Care and Use Committee guidelines and the ILAR Guide for the Care and Use of Laboratory Animals. Ovarian tissue female recipient athymic nude mice (nZ22) were housed in microisolator caging at 20-25 8C in a controlled lighting environment (10 h darkness:14 h light) and provided free access to autoclaved water and standard pelleted rodent chow.
Sexually immature Sprague-Dawley (SD) rats were housed under the same conditions and provided free access to water and standard pelleted rodent chow. Animals were killed with an inhaled overdose of CO 2 for tissue collection at the end of the experimentation. Three week old immature SD female rats were used as ovarian tissue donors. Rats (nZ22) were killed and ovaries and attached fat pad and oviduct were removed. The ovaries were then placed in a Petri dish containing Hepes buffered Tyrode's lactate supplemented with 3 mg/ml BSA (TL-HEPES) solution and dissected out from surrounding tissues by using a fine scissors and forceps under a stereomicroscope (Nikon 1500). Each ovary was then further cut into about 1 mm 3 pieces for xenotransplantation. For ovarian tissue freezing, about 1 mm 3 ovarian tissue pieces were placed into cryovials containing 1.5 M DMSO in TL-HEPES medium and were held for 20 min at room temperature. They were then placed into a programmable freezer (Planer, Model: Kryo 10 Series II; Perkasie, PA, USA) at 4 8C, cooled (2 8C/min) to K7 8C and held for 10 min. Ice formation was induced by touching a cotton swab, which was previously presoaked in LN 2 to the side of the cryovials. After a 10 min holding, the samples were further cooled to K55 8C using a 0.5 8C/min cooling rate and plunged into LN 2 at K55 8C. The frozen cryovials containing tissue samples were thawed by plunging them into a water bath at 37 8C and the tissues were subsequently washed in TL-HEPES solution supplemented with 3 mg/ml BSA for 10 min before xenografting.
Xenotransplantation procedure
All animal handling and surgical procedures were performed under a laminar flow hood. Eight-to ten-week old athymic nude mice were anesthetized by i.p. injection of a combination of ketamine (4.17 mg/100 g body weight (BW); Ketaset, Ford Dodge Labs, Ford Dodge, IA, USA) and xylazine (0.83 mg/100 g BW; Rompun, Bayer Agriculture Division, Shawnee Mission). Standard surgical procedures were used to enable access to the ovaries and kidneys (Hogan et al. 1994) . The recipient's ovaries were completely and bilaterally removed, each kidney was exposed with the aid of blunt and curved forceps and 1 mm 3 pieces of fresh (nZ11) or frozenthawed (nZ11) rat ovarian tissue were carefully inserted under the kidney capsule after making small incisions on the kidney capsule at multiple locations. Ovaries from one rat were transplanted into one nude mouse and thus 22 nude mice were used in the study. Standard surgical procedures were used to close the body wall and the skin. An analgesic buprennorphine (0.05 mg/kg BW) was administered i.p. to prevent postoperative distress.
Vaginal cytology and ovarian tissue recovery
The recipients were allowed to recover for about 2 weeks and daily vaginal smears were taken to monitor changes in cellular profile in order to determine estrous cycle and endocrine function of the ovarian tissue grafts. The vaginal cytology of the mice and rats having primarily either round epithelial cells, cornified epithelial cells or leukocytes were considered to be in proestrus, estrus or diestrus stage of estrous cycle respectively. About 10-12 weeks after transplantation, vaginal smears were taken from each of the recipients. Animals were classified as proestrus, estrus or diestrus II, based on the presence of distinctive cell types in vaginal cytology. The recipients showing estrous cycle were killed and the ovarian tissue grafts that were embedded under the kidney capsule were removed from the kidney capsule using very fine forceps and scissors under a stereo-microscope. The recovered ovarian tissues grafts were frozen in LN 2 and subsequently stored at K80 8C freezer until total RNA isolation or fixed in 10% formalin solution for histological examination. Tissues for histological examination were embedded in paraffin, sectioned and stained with hematoxylin and eosin. Histology of the tissues was visualized under an upright microscope (Zeiss Axiophot).
Microarrays
After RNA isolation and quantification, a total of six XT ovaries (XT; 3 frozen-thawed and three fresh transplanted) collected from six nude mice were used in the microarray analysis. Two representative ovaries from each stage of estrous cycle were used in microarray gene expression analysis of XT ovaries. Thus, one ovary of each stage (proestrus, estrus and diestrus) was from cryopreserved-thawed XT ovaries and one of each stage was fresh XT ovaries. Equal representation of each estrous cycle stage was used to avoid overrepresentation of a stage in one experimental group compared with the other groups. Gene expression pattern in the XT rat ovaries were compared with gene expression in mature SD rat ovaries that were NT. A total of six regularly cycling mature (8-10-week old) SD rats were used in gene expression analysis. The stage of the estrous cycle of the sexually mature rats was also determined by vaginal cytology as described above. Two rats for each stage of the estrus cycle (proestrus, estrus, and diestrus) were used in the microarray analysis. Total RNA from both the XT and NT rat ovaries (NT; test samples) were labeled with Cy5 for hybridization. A pool of total RNA isolated from three immature rats at 3 weeks of age were used as reference sample and labeled with Cy3. Combinations of Cy5 labeled test sample and Cy3 labeled reference sample were hybridized to microarrays. Two technical replicates for each test sample were hybridized to arrays according to manufacturer's recommendations. The 29K rat microarrays spotted with 70mer oligonucleotides were purchased from Microarrays Inc. (Nashville, TN, USA) and used in the experiments. Genes present in the 29K rat microarrays can be found at http://www.microarrays.com.
Total RNA isolation, labeling, and hybridization of microarrays Total RNA was isolated using Trisure reagent (Bioline, Taunton, MA, USA). The quality of RNA was determined by separating an RNA aliquot through a 1% (w/v) TAE agarose gel. Fifteen micrograms total RNA were labeled using the Superscript Indirect cDNA Labeling System (Invitrogen) according to the manufacturer's suggestions. cDNAs containing aminoallyl and aminohexyl modified nucleotides were incubated with either Cy5 (XT or NT) and Cy3 (reference sample generated from immature rat ovaries) dyes (Amersham Biosciences). After purification, Cy5 labeled test samples and Cy3 labeled control samples were mixed and dried in a vacuum concentrator (Labconco, Kansas City, MO, USA). Dried samples were resuspended in hybridization buffer containing 35% formamide (v/v), 5!SSC and 0.1% SDS (w/v). Microarrays were hybridized overnight at 42 8C before washing with 2!SSC, 0.1% SDS (w/v) at 42 8C for 5 min, 0.1!SSC, 0.1% SDS (w/v) at room temperature for 5 min and twice with 0.1!SSC for 5 min before drying by centrifugation at 400 g for 5 min.
Analysis of microarrays
Microarrays were scanned using a Genepix 2000 scanner. Genepix 4.0 software was used for griding and analysis of spot intensity. Spots with less than or equal to background of microarrays were filtered out. Remaining good quality spots were used in analysis using the Genespring software (Agilent Technologies, Inc., Santa Clara, CA, USA). The data were log transformed and normalized for spots and arrays by using Lowess normalization. Welch t-test and Benjamini and Hochberg multiple testing correction with 1% false discovery rate were performed to determine the genes whose expression changed between fresh and cryopreserved XT as well as between XT and NT ovaries. Fold changes in gene expression between the treatments were also determined using GeneSpring software.
DAVID Functional Annotation Tool (Dennis et al. 2003 ) was used to analyze the genes that were differentially expressed between fresh and cryopreserved XT as well as XT and NT ovaries. DAVID Functional Annotation Tool determined the co-occurrence probability and provided gene-GO term enrichment analysis to highlight the most relevant GO terms associated with a given gene list. The statistical significance of co-occurrence of genes was determined by a modified Fisher Exact test.
Real-time RT-PCR analysis
Real-time RT-PCR was done to validate the results of the microarray analysis as previously described (Agca et al. 2006) . Cyclin D2 (Ccnd2), hemoglobin alpha-2 chain (H2a), inhibin alpha (Inha) were downregulated in XT ovaries. Beta-2 microglobulin (B2m), prosaposin (Psap), RT1 class II, locus Db1 (RT1-Db1) were upregulated in XT ovaries. Endoplasmic reticulum chaperone Sil1 homolog (Sil1) was not regulated among samples, thus Sil1 was chosen to normalize the real-time PCR data. The primer sequences are given in Supplementary Table 1, which can be viewed online at www.reproduction-online.org/supplemental/. The threshold cycle (C t ) for the test samples was subtracted from the C t for the control sample to obtain the change (D) in C t (DC t ). The amount of each mRNA (relative to the control sample) was calculated by using the equation, relative expressionZ 2 C t . The amplification efficiencies (derived from an analysis of C t in serially diluted samples) were similar among the PCR reactions and ranged from 1.8 to 2.1.
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